Nitric monoxide (NO) exerts a great variety of physiological functions. L-
oxidase will result in an impairment of mitochondrial energy-production. "Nitrite tolerance" of angina pectoris patients using NO-donors may be explained in that way.
The chemical identification of the endothelium derived relaxing factor as an inorganic nitroxide together with the recognition that the respective nitric monoxide molecule (NO) is generated in biological systems has led to an explosion of new research areas [1] . It is now clear that NO plays a pivotal role in physiology, pathophysiological events and in pharmacology. The physiological functions of NO which were realized so far are much broader than those known for endothelium derived relaxing factor (EDRF) (Fig. 1) . Apart from the well established activities of the latter in the regulation of vascular blood flow and inhibition of platelet aggregation the low molecular mass bioregulator NO was recognized to control blood cell adhesion to the vascular wall to affect intracellular Ca 2+ compartmentation, to stimulate the release of insulin from the b-cells, to control energy linked cell respiration as well as apoptosis and to interfere in cellular signalling activities. NO by itself has a very short life time especially in biological systems [2] .
The main metabolite of NO in hemoglobin-free systems is nitrite (NO 2 -) which is formed within the millisecond range. Many pathways of NO degradation are known which yield NO 2 - (Fig. 2) . However, nitrate (NO 3 -) is the major metabolite excreted into urine. The nitrate levels in blood are approximately 10-fold higher than those of nitrite [3] [4] [5] [6] . One main route yielding NO 3 -from NO 2 -is a co-oxidation reaction with oxyhemoglobin that forms, in a complex sequence of reaction steps, nitrate and methemoglobin. Oxymyoglobin can replace oxyhemoglobin in this reaction. While the stepwise oxidation of NO is well established, recycling of NO from NO 2 -was only assumed to occur in mammals [7, 8] .
The aim of the present study was therefore to confirm the existence of a reductive pathway that reestablishes the existence of the bioregulator NO from its main metabolite NO 2 -.
Furthermore, it was of interest to explore whether nitrite reduction to NO results from a pure chemical reaction as proposed by [7] or whether it is under the control of an enzyme.
Recently, xanthine oxidase was shown to catalyze the reduction of NO 2 -to NO under anaerobic conditions [9] .
MATERIAL AND METHODS

Animals.
Adult male Sprague-Dawley rats (Charles River Wiga GmbH, Sulzfeld, Ger- many) weighing 430-460 g were used in this study. The animals were allowed to stabilize for at least 7 days to acclimatize before the experiments began. Chemicals. Rotenone, myxothiazol, antimycin A, thenoyltrifluoroacetone (TTFA) were obtained from Sigma Chemical Co. Glutamic acid and malonic acid were received from Merck Co. Nitric monoxide gas was obtained from AGA Co. Other chemicals were of analytical grade purity. Hemoglobin (Hb) was prepared from bovine red blood cells as described before [10] .
Preparations of mitochondria and submitochondrial particles. Rat liver mitochondria (RLM) were prepared according to Szarkowska & Klingenberg [11] and stored in buffer containing 0.25 M sucrose, 20 mM triethanolamine, 1 mM EDTA (pH = 7.25) at 0°C for 4-5 h. Submitochondrial particles (SMP) were prepared from beef hearts according to Graham & Rickwood [12] , kept at -40°C in the same buffer and thawed at the day of experiment. The concentrations of RLM and SMP in the stock solutions were 50-60 mg protein/ml and 36 mg protein/ml, respectively. Before incubation both SMP and RLM were diluted to the concentration of 5 mg/ml with buffer containing additionally 10 mM of potassium phosphate (pH = 7.25). RLM (or SMP) alone or with different substrates were mixed with hemoglobin and inhibitors of the respiratory chain (total sample volume was 500 ml) and kept under flow of argon for 10 min. Substitution of oxygen by argon was facilitated using a shaking table to provide gentle mixing of the mitochondrial suspension with argon. Then 5 ml of oxygen-free sodium nitrite (NaNO 2 ) solution was injected through a channel made in the experimental cell under anaerobic conditions. Samples were aspirated by a syringe without exposure to oxygen and kept for 2 h at room temperature (20 ± 2°C) inside a home-made anaerobic chamber. After two hours the samples were frozen in liquid nitrogen, and subjected to EPR measurements. The experimental medium contained: 5 mg of protein/ml RLM or SMP; 0.5 mM Hb, 5 mM succinate or 5 mM of NADH or 2.5 mM glutamate plus 2.5 mM malate, 250 mM Hb, 50 mM NaNO 2 ; 0.25 M sucrose, 20 mM triethanolamine, 1 mM EDTA, and 10 mM K 2 HPO 4 , pH = 7.25.
Intestinal I/R model. The rats were anesthetized by intramuscular injection of a mixture of ketamine/xylazine (112/15 mg/kg body mass) and maintained under anesthesia by 0.2% of isoflurane for the duration of the acute experiment. After performing a midline laparotomy, the superior mesenteric artery was occluded and then released after 60 min of ischemia, allowing reperfusion. EPR measurements. The mitochondrial suspension or tissues collected from the rats were placed into 1 ml syringes, and immediately frozen in liquid nitrogen. Then the sample was pressed out of the syringe and moved to a finger-tip liquid nitrogen dewar. EPR spectra were recorded at liquid nitrogen temperature with a Bruker ER-200 SRP spectrometer under the following conditions: microwave frequency 9.431 GHz, modulation frequency 100 kHz, microwave power 20 mW, modulation amplitude 5 G; gain 10 5 . The double integral of the signal was calculated and compared with that obtained from nitrosoheme complex standards. In the same spectra we measured the magnitudes of peaks at g = 2.002 and calculated the ratio magnitude/ double integral. This ratio was used for quantification of nitrosyl heme complexes when double integration failed due to either the low intensity of the signals or a strong interference with other signals. The preparation of nitroso-heme complex standards was performed as described earlier [13] .
RESULTS AND DISCUSSION
We have recently shown that the occlusion of the arteria mesenterica is followed by a clear increase of NO in the tissue [14] . NO appearing in the tissue was detected by nitro- Vol. 47 Recycling nitrite to nitric monoxide 915 sylation of deoxyhemoglobin giving rise to a triplet hyperfine electron paramagnetic resonance (EPR) sensitive splitting of the ferrous NO complex (Fig. 3 ). As to be expected from the fact that in the absence of oxygen NO cannot be derived from the cytochrome P450-containing enzyme set which produces NO from L-arginine in a complex sequence of catalytic steps, NO synthase (NOS) inhibitors were not able to suppress NO accumulation in the intestinal tissue during total ischemia [15] . In contrast, reoxygenation resulted in the stepwise decrease of tissue NO which however, was reestablished after a reperfusion period of 24 h. NO decrease during reoxygenation is likely to be a result of peroxynitrite formation which proceeds rapidly in the presence of superoxide radicals. The latter are generally expected to be formed in the reperfusion period of an organ. As shown in Fig. 2 Control, sham operated animals; I/R, animals subjected to intestinal ischemia (1 h) and reperfusion (24 h); Hb-NO, hemenitrosyl complexes.
EPR detectable triplet. Fig. 5A demonstrates that nitrite reduction with substrates supplying e -for cell respiration is neglectible. Reorganization of mitochondrial e -carriers in the inner mitochondrial membrane following removal of matrix constituents (= submitochondrial particles = SMP) do not reduce nitrite when in the resting state (Fig. 5B) . Activation of the mitochondrial respiration chain upon the addition of substrates for respiration resulted in the reductive transformation of NO 2 - to NO (Fig. 5C ). This was also the case when NO 2 -was in contact with intact mitochondria which, in contrast to SMP, contain endogenous substrates keeping the respiration chain running (Fig. 5D) . Stimulation of respiration upon the external addition of substrates for respiration did not increase NO recycling from NO 2 - (Fig. 5E ). This indicates the high efficiency of mitochondrial NO 2 -reduction.
When mitochondria were faced to quasiphysiological nitrite levels [19] NO release was almost linear (Fig. 6) . A reduction rate of 15 nmoles NO 2 -per minute and mg mitochondrial protein to NO was calculated from the slope which is five times more than NO generated from mitochondrial NO under optimal experimental conditions [20, 21] . Identification of the mitochondrial reductant of nitrite was possible by means of adequate inhibitors that allow the separate reduction of segments of the respiratory chain (Fig. 7) . The schematic presentation of the various components of the mitochondrial respiratory chain illustrates the sites of interac- Vol. 47 Recycling nitrite to nitric monoxide 917 action with the respective reductant which is expected to operate close to the polar head group section of the membrane. NO derived from mitochondrial nitrite reductase activity can be expected to readily remove oxygen from cytochrome oxidase due to its high binding affinity which was reported to range magnitudes of order above that for oxygen [23] . NO from nitrite was accumulated in mitochondria in the absence of oxygen up to values which were reported by Richter [20, 24] and Boveris [21, 25] to exert physiological activities when mitochondrial NOS was the source (about 2 nM/mg). The impact of nitrite derived NO on cytochrome oxidase was studied following the oxygen decay rate of a defined oxygen pulse (Fig. 9) . The respiratory activity of mitochondria was only 70% of the controls when NO was recycled from quasi-physiological levels of nitrite. However, at physiological tissue oxygen concentrations (which are five times higher as applied in the above experiments) 40 mM NO per mg mitochondrial protein was required for 30% inhibition. A Japanese research group has recently demonstrated that the inhibitor constant C 50 of NO increases in proportion of the square of oxygen tension [26] . In other words NO-levels measured by Boveris et al. [21, 25] and Richter et al. [20, 24] are by far too low to control the flow of reducing equivalents through the respiratory chain. However, NO supplied by the mitochondrial nitrite reductase activity increases with the amount of nitrite accumulated in the tissue. The latter is a function of nutrition habits (vegetarians) and of other external sources which may increase the nitrite pool.
Intestinal bacteria may contribute in that they reduce nitrate to nitrite. Patients treated with NO-donors for better vascular blood supply or HIV patients which have high NO 2 -levels in their nervous systems may stimulate mitochondrial NO formation rates sufficiently to affect energy-linked respiration.
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